Abstract. Small-scale wind power applications require a cost effective and mechanically simple generator in order to be a reliable energy source. The use of direct driven generators, instead of geared machines, reduces the number of drive components, which offers the opportunity to reduce costs and increases system reliability and efficiency. For such applications, characterized by low speed of rotation, the axial flux permanent magnet generator is particularly suited, since it can be designed with a large pole number and high torque density. This paper presents an axial flux permanent magnet synchronous generator, double sided with internal rotor and slotted stators. Such a structure gives a good compromise between performance characteristics and feasibility of construction. The design process of the machine is described and validated by test experiments.
Introduction
There is currently significant interest in the development of small-scale wind turbines for the urban environment, with both horizontal and vertical axis being considered [1] [2] [3] . Small-scale wind turbines are also an attractive choice for autonomous applications and for rural areas where the installation of a distribution grid is not economically reasonable [4] .
The power range of those systems is usually about 500 W to 5 kW. Permanent magnet excitation is favoured in this power range, from the point of view that the required volume of permanent magnets is nowadays costly affordable. The main advantages of permanent magnet synchronous generators over wound-rotor generators are due to the fact the first ones do not require any external excitation current, which translates in a significant decrease in rotor losses and also allows the use of a diode bridge rectifier at the generator terminals, with significant cost benefits in the power converter topology [5] [6] [7] .
Permanent magnet excitation also allows a significant decrease of the pole pitch, which translates in cost and mass reduction [8] . This assumption together with the axial flux generator configuration favour the use of a direct driven generator (gearless system) because it allows the use of higher pole number [9] . Furthermore, axial flux permanent magnet machines are recognized for having higher torque density than their counterparts based on radial-flux, this being more apparent in a design with a large number of poles.
Axial flux permanent magnet machines may be designed in various configurations [10] [11] [12] . A double-sided axial flux permanent magnet synchronous generator with internal rotor intended for small-scale wind energy systems was proposed on [13] . In this paper, the analytical design of the machine is enhanced with finite element analysis (FEA). Experimental test results are carried out.
Generator concept
Axial flux machines are characterized by an axially directed airgap flux. The simplest structure uses one stator ring form and a disk rotor (Fig. 1) , both having the same active inner and outer diameters which defines the active part of the machine where the electromechanical conversion takes place. The axial length is dependent on the flux density in the stator and rotor yokes. Thus, in opposition to radial flux machines, both stator and rotor yokes can be fully utilized with a proper yoke design. As a consequence, when the number of poles increases the axial flux machine radial active part remains almost unchanged, but the axial length can decrease and the torque density increases. Hence, axial flux machines are particularly suited in low speed, high torque applications such as wind power conversion systems.
A drawback of the single stator-single rotor structure is the unbalanced axial force between the rotor and the stator, which leads to a thicker rotor disk and complex bearing arrangements, this compared to double sided structures, presented in Fig. 2 . These structures eliminate the axial forces between permanent magnets and the stator iron with the benefit of increasing the total air gap surface. The double sided structure with internal rotor (Fig. 2 (b) ) simplifies the manufacture process due to easier fixation of the stator rings to the frame; it also favours the cooling process because the main heat source is located near the surface. The axial flux permanent magnet synchronous generator developed is based in structure.
Slotted stators increase remarkably the amplitude of the airgap flux density due to shorter airgap. This reduces the required amount of permanent magnets, which yields savings in the generator price. On the other hand, slotting may evoke undesired torque pulsations, but the adopted structure allows the rotation of one stator over one half of the slot pitch with respect to the other, which results in reduced slot ripple and space harmonic components [14] . Current ripple in slotted stators may also be reduced due to higher leakage inductance compared to slotless stators.
It's currently assumed that concentrated windings are an effective way to reduce Joule losses in low speed permanent magnet machines [15, 16] , due to shorter end windings. However they generate both odd and even harmonics, and some, also produce sub-harmonics in the EMF. All extra harmonics create additional flux in the machine which results in high eddy current losses in a conducting rotor and in the permanent magnets, which may cancel the benefits of the shorter end windings. A conventional distributed winding with one slot per pole and phase is preferred.
The flux path associated with this machine topology is shown in Fig. 3 . The flux travels axially in the rotor structure and completes its path by returning circumferentially around the stators cores. 
Design procedure
The main dimensions of the machine are achieved iteratively via analytical approach, based on some simplifying assumptions, as described on [13] .
The equivalent magnet circuit approach and permanent magnet load line characteristics are used to estimate the magnetic loading, which determines the stator yoke dimensions, and the specifications and dimensions of the magnets. This analytical approach does not lead to exact magnetic field solutions. However it often leads to analytic solutions that are conducive to the formulation of design equations. On the other hand, finite element analysis (FEA) leads to much more accurate magnetic field solutions because it models all flux fringing paths, but it only provides a numerical solution. In a sense, magnetic circuit analysis solves problems from a macro perspective, whereas FEA complements the design from a micro perspective. The strengths of one approach are the weaknesses of the other.
To estimate the electric loading (or the linear current density) a heat transfer model is implemented, using the maximum temperature allowed in the coils and the surrounding temperature (this study is not presented here).
To account the variation of the magnet width to pole pitch ratio, the modelling of the axial flux machine is performed in three different computation planes. The overall performance of the machine is obtained by
summing the performances of three "sub-machines". By this way, concerning the FEA analysis, 3D FEA is avoided.
A. Magnetic circuit analysis
In each computation plane the flux densities in different parts of the machine are found based on a non-linear reluctance network over a pole pitch so that symmetry conditions are fulfilled. The reluctance network in use is presented in Fig. 4 , where y  , t  , s  , g  and m  are the reluctances for the stator yoke, tooth, slot opening, air gap and permanent magnet, respectively. Fig. 4 . Reluctance network over one pole pitch.
A particular reluctance element is calculated as
where i l is the length, r  is the relative permeability and i S is the cross-sectional area of the element modelled. The magnetomotive forces m  and I  are the MMF due to permanent magnets and stator phase currents, respectively. The MMF produced by the permanent magnet, is calculated as: 
B. 2D finite element analysis (FEA)
The no load flux density is obtained performing a magnetostatic analysis. Fig. 5 shows the magnet flux density distribution at the middle computation plane. The air gap flux density over one pole is shown in Fig 6. The flux concentration effects near the tooth tips are highlighted, with an increase of the amplitude of the flux density below the tooth tip in the vicinity of the slot opening. Under load condition, in steady state operation, a magnetostatic analysis is possible, due to synchronous speed of the generator, freezing a particular instant of its operation, which corresponds to machine analysis in the rotor reference frame: for a constant synchronous speed r  , the operating electrical frequency is
The surface current densities in the different slots are determined once the distribution of the winding is fixed, using the maximum value of the rated stator current and evaluating the three-phase currents for a time instant t . For the distributed winding with one slot per pole and phase and a particular time instant with 2 t    rad, the magnet flux density distribution under rated load condition is shown in Fig. 7 . 
Experimental generator
An axial flux permanent magnet low-speed generator prototype, double-sided with internal rotor and slotted stators has been constructed based on the analytical procedure whereas FEA analysis contributions have not been included. Outputs of the design study are given in Table I as well as the main parameters of the prototype. (at 20ºC) 7 Ω Linear current density (at average radius) 8,28 kA/m
The prototype machine is shown on laboratory test in Fig.  8 . Stator rings are fixed to the outer frame. The threephase windings of the two stators are connected in series and the star connection is used to avoid circulating currents. The inner rotor consists in a holed paramagnetic aluminum disk to support the NdFeB permanent magnets. Compared to the surface mounted permanent magnets in a non-holed rotor disk, this solution involves the machination and the manipulation of half magnet pieces. Axially magnetized cylindrical permanent magnets NdFeB grade N30SH are used to accomplish the excitation. Fig. 9 shows the generator rotor disk and one stator ring. 
Test results and discussion
The machine under test has been driven by an induction generator fed by a frequency converter and loaded with a variable resistive load. The shaft torque has been measured by a torque transducer and the electrical power, current and voltage have been registered by a power analyser.
Fig . 10 shows the no load phase to neutral voltage waveform at the rated speed 600 rpm, frequency 100 Hz. This waveform has a significant 23,1% third harmonic (Fig. 11 ). The harmonic content of the no load phase to neutral voltage waveform would be substantially reduced if one stator was shifted one half of the slot pitch with respect to the other. Obviously, it should be expected a decrease of the rms value of the fundamental component as a
consequence of the electrical phase angle resulting between the EMF's induced in the two active portions of each coil of the winding. Other technical solution to achieve substantial reduction of the no load voltage harmonic content, based on magnet or slot skewing, increases the complexity of machine manufacturing.
AC resistive load tests were carried out for two different speeds from the expected operating speed range for the generator. The results are shown in Fig. 12 The efficiency at rated operating condition was evaluated in 86%, which is acceptable for a non optimized prototype. The losses in the generator are dominated by stator Joule losses. Iron losses of about 6,3 W and 16,3 W were evaluated at 300 rpm and 600 rpm, respectively, while Joule losses at rated current are about 41,5 W. The higher term of Joule losses are due to large end-windings of the distributed winding arrangement used. In further investigation, it should be considered the use of concentrated windings instead of distributed windings in order to decrease the end-windings and consequently the Joule losses.
Conclusion
In this paper, the design and construction of an air refrigerated axial flux permanent magnet synchronous generator have been presented. Although initially designed as a direct driven generator for small-scale wind turbines, it has other application areas such as micro hydro power plants.
The generator concept was selected specifically for ease of manufacture, reliability and low cost. An iterative design procedure has been developed using analytical and numerical approaches. The prototype has been manufactured in a preliminary stage of the development of the design procedure, thus it lacks the FEA analysis contributions. Further investigation should be performed in order to increase the efficiency, namely the use of concentrated windings instead of distributed windings in order to decrease the end-windings and consequently the Joule losses.
